Objectives: The purpose of this report is to describe the kinetic and kinematic analysis of walking gait following healed left proximal fifth metatarsal fractures. Clinical Features: A 62-year-old female presented at a chiropractic clinic with concerns that recent metatarsal fractures had not fully resolved and reported abnormal gait due to pain and several weeks use of a "walking boot." The patient's walking gait was evaluated with a force-sensor treadmill and an inertial measurement unit motion capture system. Recordings were made before, at midpoint, and post-chiropractic care (11 visits total). Data were analyzed for spatio-temporal gait parameters, vertical ground reaction forces, and ranges of motion of the hip, knee, and ankle. Intervention and Outcome: Pre-care, the patient's self-rated disability in walking was 50 out of 80 on a Lower Extremity Functional Scale, which improved to 80 out of 80, post-care. Her self-selected preferred walking speed increased, as did step length, cadence, and single support time. Increased symmetry was seen in timing of peak ground reaction forces, stance phase percentages of loading and pre-swing, and ranges of motion for hip and knee flexion and extension. Conclusions: The patient recovered completely, and the post-injury kinematic and kinetic data allowed for quantification of gait patterns and changes in the clinical environment. (J Chiropr Med 2018;17:106-116) 
INTRODUCTION
Foot injuries and alterations in walking gait are some of the concerns brought to chiropractors. The fifth metatarsal is among the more commonly fractured bones of the foot, often either as avulsion or Jones fractures. [1] [2] [3] Jones fracture occurs at the metaphyseal-diaphyseal junction of the fifth metatarsal, an area with a low blood supply that is prone to prolonged healing or nonunion. Other types can occur in the head, neck, and mid-shaft. [1] [2] [3] [4] [5] Younger patients with metatarsal fractures are more often male, but older patients are more often female. 6 Associated signs and symptoms include pain, swelling, tenderness, difficulty walking, and bruising. There is considerable variation in management, especially if a Jones fracture is suspected. 1, 3, 4, [7] [8] [9] [10] [11] [12] Since 1984, Torg et al's 13 recommendation of conservative treatment for Jones fractures, with a non-weight bearing cast for a period of 3 to 12 weeks, has been frequently followed. 5, 10, 12 In 2017, Brogan et al 14 concluded that all fifth metatarsal fractures can be safely managed with immediate full weight-bearing in an orthotic boot without adverse effects and that often no long-term review is needed. Most experts agree, however, that if the injury involves a displaced bone, multiple breaks, or fails to adequately heal, then surgery may be needed. [1] [2] [3] 5, 12, 15 Metatarsal fractures might result in alterations of walking. Bauer et al 16 reported gait asymmetry in 11 out of 20 patients with fifth metatarsal fractures, most with no visible gait disorder. Kösters et al 17 reported slower walking associated with multiple metatarsal shaft fractures. Queen et al 18 found that women with a history of metatarsal stress fractures exhibit decreased forefoot forces.
Chiropractic literature describes management of foot and ankle conditions. [19] [20] [21] [22] [23] [24] [25] However, only 1 chiropractic publication concerns fifth metatarsal fracture, which is only in terms of diagnostic imaging, not condition management. 26 The purpose of this report is to describe the kinetic and kinematic investigation of post-injury walking gait of a patient, before and after receiving chiropractic care.
CASE STUDY

Patient Characteristics
A 62-year-old female presented to the research center with concerns that recent injuries of her left foot had not fully resolved and reported abnormal gait, due to pain and several weeks use of a "walking boot." Acute inversion injury and Jones fractures of the proximal fifth metatarsal had occurred twice within 6 months. For both fractures, she received conservative treatment with non-weight-bearing casts for periods of several weeks. At 10 weeks from the onset of the second injury, she was released from care. But, despite residual pain and swelling and the occurrence of the second fracture at the same location as the first, no physical therapy was recommended by the orthopedist.
The patient previously had a hairline fracture of the same fifth metatarsal 40 years earlier and a fracture of the fifth proximal phalanx 5 years earlier. Other medical history included Hashimoto's Thyroiditis, menopause, psoriasis, and vitamin D insufficiency. Prescription medications included levothyroxine, ergocalciferol, and topical cortisone.
The investigation of the participant's post-injury kinetic and kinematic data was prospectively planned by the researchers and then approved by the Life University Institutional Review Board. At the patient's presentation to the research center, the investigators explained the protocols, had the patient sign an informed consent, and asked the patient to complete a Lower Extremity Functional Scale (LEFS) questionnaire. 27 According to the LEFS, she scored a 50 out of a possible 80.
Overview of the Human Gait Cycle
"Kinetic" refers to the forces involved in the actions and motions to be discussed; "kinematic" refers to descriptions of the motions themselves. [28] [29] [30] To discuss gait, we start with the right hip flexing forward and the event of the right foot contacting the walking surface (or ground), most commonly seen as a heel strike, which marks initial contact and the beginning of stance phase (Figs 1A and 2A). As the body moves forward, its center of mass drops slightly, and rapid loading of weight onto the right limb generates a vertical ground reaction force (VGRF) at the point of contact with the ground. Most people will show a sharp increase of force at heel strike (a heel strike transient, Fig 2A) . 31 The moment at which the magnitude of the VGRF reaches its maximum level is noted as the event of peak force 1 (Fig 2B) , which can be about 120% of body weight. 30 During this loading phase, both feet are in contact with the ground (double limb support or double support). Weight gradually transfers to the advancing right limb until the trailing left foot lifts and enters swing phase, beginning a period of single limb support for the right side (Fig 1B, C, and D) . As the left limb swings forward, the body's center of mass rises slightly, such that VGRFs decrease slightly in mid-stance (Fig 2C) , often to approximately 80% of body weight. 30 During this time, left knee flexion allows the left foot to clear the floor (Fig 1B and C) , and the right ankle moves into dorsiflexion ( Fig 1C) . As the weight of the body moves over and past the foot below it, the right limb moves to "push-off," with the ankle actively moving into plantarflexion. This period is marked by a second increase in VGRF, up to the event peak force 2 ( Fig 2D) . As the left foot ends its swing and contacts the ground again, there is a second period of double support. The left foot begins to receive a transfer of weight (Fig 1E) , and the right foot undergoes a gradual "unloading" of force until the event of toe-off. The events are repeated for the left side until the right foot touches again, completing 1 stride.
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Evaluation
The participant was asked to walk on a treadmill with force sensors under the treadmill belt (zebris Medical GmbH, Isny im Allgäu, Germany; Noraxon USA, Scottsdale, Arizona); available data included VGRF and a number of spatial and temporal gait parameters. The treadmill was started, and she was guided to find her preferred walking speed (PWS). 32 She was given a few minutes for warm-up and acclimation before being instructed to walk as "consistently and symmetrically as possible." Four 2-minute recordings were performed; the patient was allowed to step off of the treadmill for a few moments in between recordings.
Next, 2 additional 30-second walking sessions were recorded at her PWS, using a myoMOTION inertial measurement unit motion capture system (Noraxon USA, Scottsdale, Arizona) at 100 Hz. Seven inertial measurement units were placed over the sacrum, the distal lateral thighs, the distal medial tibias, and the shoe tops, using Velcro straps, double-stick tape, or, in the case of the shoes, a clip-on sensor cradle. System calibration was performed with the participant standing in a standard neutral anatomic position for 30 seconds. This configuration was used to make angular measurements of average end-ranges for the hip (flexion, extension, abduction, adduction, and internal and external rotation); knee flexion and extension; and foot dorsiflexion, plantarflexion, inversion, eversion, abduction, and adduction.
Intervention
Following the pre-care gait assessments, a brief examination that was appropriate for low back and lower extremity mechanical dysfunction was done: visual inspection of static posture, range of motion, palpation, manual muscle testing, and provocative tests. Chiropractic adjustments were directed toward joints determined to lack normal intersegmental mobility and alignment during static and motion palpation. Adjustments of the lumbar spine, sacroiliac joints, and hips involved a combination of mobilization and high-velocity, low-amplitude thrusts with drop table assistance. Adjustments of the left talocrural and subtalar joints involved mobilization, high-velocity, and low-amplitude. Instrument-assisted adjustments of the left foot (navicular, cuboid, and first and second cuneiforms) were provided by use of an Activator IV instrument (Activator Methods International, Ltd, Phoenix, Arizona). The adjustments were supplemented by transverse massage in some muscles with palpable trigger points or fibrotic areas, including her lateral gastrocnemius, medial hamstring, short head of the biceps femoris, and the plantar region of her left foot.
Beginning immediately after the first gait recording, the participant received 5 sessions of adjustments, averaged about 4 days apart, followed by a second gait recording 17 days after the first; her PWS was determined afresh at that time. The third and final gait recording was 4½ months after the initial assessment, after 6 additional adjustment sessions, approximately 2 weeks apart.
Data Analysis
For spatio-temporal gait parameters, we used mean and standard deviation values reported by the system for clinical use but exported raw data to Excel files for joint angles and VGRFs. For joint angles, simple comparisons were made between pre-care, post-1, and post-2 mean magnitudes, and symmetry was judged by left-right differences in degrees. The magnitudes and timing of VGRF events were analyzed with a custom program written in Visual Basic by the third author (R.S.H.). Symmetry of the VGRF events and spatio-temporal parameter measures was determined with a symmetry index 33, 34 : symmetry index = 2(xR -xL) × 100 / (xR + xL).
Where xR and xL are the values of interest for the left and right sides, the result expresses a ratio of the left-right difference to the left-right average. A symmetry index of 0 indicates perfect symmetry; the greater the absolute value, the greater the asymmetry. 33, 34 Some asymmetry is expected and is normal [35] [36] [37] ; a level of 5% was set as the minimum for clinical relevance for the present study, similarly to Robinson et al, 33 although Kim and Eng 38 used a threshold of 6%.
Findings
During the pre-care gait assessment, the patient's walking style seemed somewhat cautious. She admitted to being fearful; she was unsure of how much she could do show a sharp increase of force at heel strike (a "heel strike transient"), during loading response; B, A peak force ("peak force 1") occurs approximately at the beginning of mid-stance; C, Mid-stance typically has an identifiable minimum force ("valley"); D, A second peak force typically occurs at push-off, shortly before the stance limb enters a swing phase.
without causing pain, appeared to have limited foot movement and short steps, and took several minutes to work up to the speed that was finally used in the recordings. At the time of the post-1 and post-2 assessments she walked quickly and confidently and, at the time of the post-2 assessment, self-scored an 80 out of a possible 80 on the LEFS questionnaire, indicating no residual disability of lower extremity function.
Magnitudes of Spatio-temporal Parameters
As seen in Table 1 , the participant's self-selected walking speed was 3.2 km/h pre-care (2 mph), increasing to just over 5 km/h (3.1 mph) in the later assessments; the increased speed was accompanied by shorter step times, increases in cadence, and longer step lengths, as would be expected. 28 Also, post-care, there were increases in single support time and decreased double support (Table 2) , as well as decreased time spent in stance phase and more in swing phase. At her second post-care assessment, her step width (9.0 cm) was narrower than at the previous assessments (11.7 cm and 11.1 cm).
Symmetry of Spatio-temporal Parameters
In Table 2 , symmetry index values of just over 7% were seen for loading and pre-swing. These represent left-right inequality of time spent in transitioning weight from the trailing foot to the advancing foot during 2 different periods of stance phase. Both dropped to 0.3% by the final assessment. Asymmetry was negligible, however, for single support, step length, and step time, and for stance phase and swing phase overall. Table 3 provides mean values for magnitudes and timing of specific VGRF events (peak 1, mid-stance, and peak 2) and may be compared to Fig 3, which illustrates typical force curves for this participant's pre-care and post-care-2 assessments (post-1 curves, omitted for brevity, are similar to post-2). Each graph in Fig 3 shows 5 consecutive, superimposed force curves; these particular stance periods were selected for purposes of illustration because, visually, they closely match the mean values seen in Table 3 . The pre-care curves show very little distinction between L, left; R, right.
Vertical Ground Reaction Forces
the peak forces and mid-stance, reflecting the participant's slower, cautious walking. The post-2 curves show a more forceful heel strike and loading to peak 1, as compared to pre-care. Asymmetry of the magnitudes of the force events was negligible (Table 3) . Also seen in Table 3 are the times at which the force events occurred following initial contact; note that each respective event occurs earlier in the post-assessments, owing to the faster walking speed and shorter step times. The pre-care timings of the peak 1 and peak 2 forces showed asymmetry, with symmetry indexes of 8.0% and 7.5%, respectively, dropping to 5.2% and 3.2% at the post-2 assessment.
Joint Angle Symmetry, Hips and Knees
Typical periods of flexion and extension for the hips and knees are illustrated for a few steps in Fig 4; the greater number of cycles for the post-2 assessments, within equal time periods, reflect the participant's faster walking speed and increased cadence. In considering hip flexion and extension in Table 4 and Fig 4A and C , note that positive values indicate flexion and negative values indicate extension, relative to her neutral calibration posture. Both had high pre-care asymmetry (symmetry indexes of 7.3 and 22.8, respectively); motion of the right hip showed little difference at the post-1 and post-2 assessments, but changes in the left hip resulted in progressively decreased asymmetry. Note that, post-care, the left side hip extension averages were 5.2 and 10.3 degrees; the positive values indicate that the end range of her hip "extension" was often still in flexion. This effect may be due to a slight forward lean she adopted with faster speeds.
For hip abduction and adduction, the negative values indicate that her thighs were usually slightly adducted; however, they were symmetrical. The values for hip external and internal rotation (positive and negative numbers, respectively) were small and symmetrical, and changed little from pre-care to the post-care assessments. Knee flexion and extension also had pre-care asymmetry, which progressively decreased at post-1 and post-2 (Table 4 and Figs 4B and D) . Positive values for knee extension indicate that her knees rarely achieved full extension.
Joint Angle Symmetry, Feet and Ankles
In Table 5 , the pre-care and post-1 measurements showed the participant to have limited dorsiflexion; the negative left side values indicate the end range of dorsiflexion of the average step was in plantarflexion, relative to her neutral calibration posture. However, the left right differences for dorsiflexion and plantarflexion were small, as were inversion-eversion and abduction-adduction, so we considered them symmetrical. L, left; R, right; SD, standard deviation; VGRF, vertical ground reaction force.
Unfortunately, the post-2 measurements are thought to be faulty, and thus the foot and ankle motions have not been considered further; this is discussed in the limitations section.
DISCUSSION
Several findings document the participant's improvements in walking, from pre-care to the post-1 and post-2 assessments. Considering that her main reason for seeking care was a distinctly asymmetrical problem, it's important to note the greater symmetry seen in the post-1 and post-2 assessments for hip flexion and extension, loading and pre-swing periods during stance phase, and timing of the peak 1 and peak 2 force events. The participant's increased self-selected walking speed in itself reflects improvement; slower walking speeds can be associated with pain 17, [39] [40] [41] or decreased strength or flexibility. 40 The post-care values of shorter double support times and longer steps, and the time changes of stance and swing phases, suggest an increased ability to function when on only 1 support limb.
For the VGRF measurements, there were relatively indistinct differences, pre-care, between the forces of peak 1, mid-stance, and peak 2 (Fig 3) . At her post-1 and post-2 assessments, she showed a prominent heel strike (the heel strike transient "spike" seen in Fig 3) , more forceful loading to the first peak force, and more overall distinction between the force events, as is typical for normative walking (Fig 2) . The increased values for the peak forces and their increased distinction from mid-stance forces may reflect less fear of pain or re-injury, as lower VGRFs can be associated with pain 42 or diminished strength. 43 It's important to reiterate that many of the above post-care changes would be expected accompaniments to increased walking speed 28, [44] [45] [46] and must be viewed in that context. This may also be true for the narrowing of her step width from the pre-care to the second post-care assessment. Walking with a wider base of support provides more medial-to-lateral stability than having the feet closer together, 47 and wider step widths are seen with a variety of pathologies and other challenges to stable walking. [48] [49] [50] [51] [52] But mechanical work is required to shift the body to the left and right, and that comes with a metabolic cost. 53 The narrower step width of her final assessment suggests a more efficient walking pattern.
To what degree were the noted gait changes a product of the chiropractic care she received, or simply of time, or a combination of both? It isn't possible to know from this single-subject case design. Did the participant need any care at all? Ferguson et al 4 suggested not, reporting that 78% of patients without clinical follow-up were satisfied with their outcomes after 1 year; yet, that means 22% were not satisfied. Ferguson et al 4 and Bigsby et al 9 found that 25% to 33% of patients continued to experience pain 1 year after their fracture. These figures may suggest an appropriate role for chiropractic care, which the participant of the current study felt she benefitted from.
Limitations
Single cases cannot be assumed to represent the general population; thus, the results for this patient may not necessarily be the same for others with similar conditions. Other possible influences may have affected outcomes, such as fatigue, emotional states, or dietary changes. Additionally, the patient had a higher than average level of health education and was possibly more likely to follow healthy behaviors and avoid complicating factors than the average member of the general public. But, in these regards, her outcome might not be different than other patients who are motivated to search for information and seek care.
The post-2 foot and ankle measurements are thought to be faulty. The participant wore cross-trainer shoes for the first 2 assessment sessions, and a clip-on sensor cradle was laced to the shoes. She wore loose-fitting sandals for the final session, and some high maximum values and odd graph images suggest extraneous motion from the sensors being tossed about. We're now more aware of footwear issues and effective use of athletic tape. There may be some question as to what degree measurements made during treadmill walking in a controlled laboratory setting can be generalized to walking in daily life. Some type of equipment is needed for measurement. A treadmill eliminates the effects of changes in slope, texture, and height of walking surfaces, and it allows for a large number of steps to be evaluated in a small area and for walking speed to be easily controlled and measured. 54 So, while treadmill walking is a different experience from most walking, there is evidence that it is quantitatively similar to overground gait 55, 56 and that an instrumented treadmill accurately measures the forces exerted against it. 57 The findings above, and in other gait studies, may seem "academic" for some readers. The biomechanical equipment typically used in laboratory gait analysis is not commonly found in clinics for reasons of cost and necessary expertise. This is an issue for those practitioners who might be interested in using gait analysis with their patients. The equipment in this case is in use in settings such as rehabilitation centers and athletic training facilities and could be affordable for a larger clinic or a specialized practice. The use of similar equipment could help practitioners in identification of atypical parameters, force patterns, and asymmetries, which could be used to personalize treatment and guide return to normal physical activities.
Finally, the reader should bear in mind that this report is intended to highlight gait findings, not to recommend treatment protocols. The authors are not advocating a specific technique or analysis method and have not attempted to identify cause and effect relationships between the participant's foot pain and specific problem areas. Such things are beyond the scope of this study and are best left to other professionals. There are a substantial number of patients with unsatisfactory outcomes after metatarsal fractures, which suggests an area of focus for chiropractic care and additional research in this area. This case is part of an ongoing investigation of gait analysis as an outcome measure of chiropractic care.
CONCLUSIONS
The patient in this case recovered completely, and the post-injury kinematic and kinetic data allowed for quantification of gait patterns and changes that, in many clinical environments, could only be judged more subjectively. 
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Practical Applications
• Gait analysis may be useful in assessing healing progress and may help patients understand the extent of their progress.
• The findings of this study, and the manner in which the findings are presented, can enhance the abilities of chiropractic doctors and other practitioners to monitor walking gait in similar patients.
